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The interest in iron pyrite (cubic FeS2) as a photovoltaic material has increased significantly 
recently, because of its earth-abundancy, nontoxicity, and its suitable band gap (~0.95 eV) for 
solar cell applications.[1, 26-28] Moreover, the large photon absorption coefficient of 105 cm−1 
(two orders of magnitude higher than that of crystalline silicon), high carrier mobility as well 
as its outstanding theoretical power conversion efficiency of 28 % (according to the Shockley-
Queisser model) make pyrite a competitive candidate in the development of sustainable and 
inexpensive solar cells at the terawatt scale.[1, 2] Since the early 1990s, extensive efforts from 
Tributsch et al. and other groups have been devoted to iron pyrite photoelectrochemical and 
Schottky-type solar cells.[3, 8, 12, 51-52] Although photovoltaic cells based on pyrite single 
crystals show large photocurrent densities (> 30 mA cm−2) and high quantum efficiencies (> 
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90 %), the low open-circuit voltage (VOC) of 200 mV limits their solar energy conversion 
efficiency to ~3 %, and the device efficiency has not improved significantly in the past 20 
years.[1, 3-7] Several possible explanations have been suggested for the low VOC, including bulk 
non-stoichiometry,[8,9, 35, 50] near-surface non-stoichiometry (resulting in a metallic FeS-like 
surface layer),[10] sulfur vacancies that generate electronic states in the band gap,[6] Fermi 
level pinning induced by surface states,[11] or small band gap phases (pyrrhotite, troilite and 
marcasite) present as domains in bulk pyrite.[12] Orthorhombic marcasite (FeS2) and 
hexagonal troilite (FeS) are generally believed to be detrimental phases for photochemical 
performance, as they have much smaller band gaps (0.04 eV for troilite and 0.34 eV for 
marcasite),[14] and it has been suggested that even trace amounts of these phases would cause 
the low VOC reported for pyrite films.[13] The band gap of marcasite was first determined from 
temperature-dependent (53-370 K) electrical resistivity measurements, and a value of 0.34 eV 
was obtained.[14] However, these measurements were based on the assumption that the carrier 
mobility is dominated by lattice scattering,[14, 34] and the band gap value of marcasite has been 
rarely verified by other methods, such as optical measurements. Furthermore, several 
theoretical calculations published in recent years predict that marcasite should have a band 
gap of 0.8-1.0 eV, which is quite similar to that of pyrite; Gudelli even observed that 
marcasite has a much larger band gap than pyrite (1.603 eV for marcasite and 1.186 eV for 
pyrite).[15, 16] Very recently, the optical band gap energy of marcasite has been determined by 
diffuse reflectance spectroscopy to be 0.83 ± 0.02 eV, and the optical absorbance of marcasite 
and pyrite in the near infrared-visible (NIR-Vis) region appears to be quite similar.[17] 
Therefore, the presence of marcasite is unlikely to undermine the photovoltaic performance of 
pyrite, and it is therefore worth considering whether significant effort should actually be 
expended on eliminating marcasite traces from pyrite preparations. As the formation of 
junctions (such as p-n junctions or phase junctions) can efficiently promote charge separation 
in semiconductor-based photocatalysts, the fabrication of proper junctions in semiconductors 
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is highly desirable in the design and preparation of efficient semiconductor-based 
photocatalysts. The most conspicuous example is the activity of TiO2 (P-25, Degussa), which 
consists of anatase and rutile (4:1 w/w) and exceeds the photocatalytic activity of pure anatase 
in many reaction systems.[18-20, 32, 40-42] Furthermore, Li et al. have reported enhanced 
photocatalytic performance of Ga2O3 with tunable α-β phase junctions. The drastically 
enhanced activity of mixed α- and β-Ga2O3 over the phase pure oxides was ascribed to 
efficient charge separation and transfer across the α-β phase junctions.[21, 33, 43] As to the 
pyrite-marcasite interface, although most published work has attributed the low performance 
of pyrite films to the minor presence of marcasite, no interfacial gap states have been found 
by examining the density of states (DOS) at the pyrite-marcasite interface and the band gap of 
the pyrite-marcasite supercell was not smaller than the isolated pyrite gap.[22] Moreover, 
according to theoretical calculations, the stability of marcasite is much better than pyrite.[23-25]  
In this communication, we present FeS2 films with mixed pyrite-marcasite phase junctions 
prepared by sulfurization of sputtered Fe thin layers on highly doped Si wafers. The mixed 
phase films show highly improved photocurrents of 4.30 mA/cm2 compared to 0.14 mA/cm2 
of phase pure pyrite films. Apart from the considerably improved photo-response, the dark 
current is greatly reduced. Furthermore, the presence of marcasite significantly increased the 
stability of the film against photo-corrosion. Thus, in contrast to the traditional view that 
marcasite is a detrimental phase for the low VOC of pyrite-based solar cells, our experimental 
results suggest that marcasite is beneficial for the charge separation and stability of pyrite 
films. We propose that the enhanced photocatalytic performance is owing to the efficient 
charge separation across the pyrite-marcasite (p/m-FeS2) phase junction. This hypothesis is 
demonstrated through state-of-the-art calculations based on the Density Functional Theory 
(DFT) with Hubbard corrections for the electron correlation in the localized d-Fe orbitals 
(DFT+U), where we find that a staggered band alignment with offsets of 0.43 eV and 0.71 eV 
exists between the valence and conduction bands of marcasite and pyrite, respectively. This 
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staggered alignment with both bands of marcasite higher in energy than pyrite indicates that 
photo-generated conduction band electrons will flow from marcasite to pyrite and vice versa 
for photo-generated valence band holes in mixed-phase FeS2 thin films. These findings point 
to efficient charge separation in the mixed systems, as the primary origin of the observed high 
photo-activity (photo-current) of the mixed marcasite-pyrite thin films over the individual 
pyrite counterpart. 
We have adopted a unique synthesis strategy in which Fe/Si films are placed at certain 
distances from the center of the furnace (Figure S1, Supporting Information), as such 
approach turned out to be beneficial in avoiding re-sublimation of evaporated sulfur in the 
upstream due to the temperature gradient of the furnace during low temperature sulfurization 
process. The temperature of the sulfurization was altered by varying the position of the Fe/Si 
films. Primarily, we aimed to make phase pure p-FeS2 via optimization of the sulfurization 
temperature and time and three temperatures were chosen: 400, 500 and 600 °C. Scanning 
Electron Microscopy (SEM) images of the FeS2 films obtained (Figure S2, Supporting 
information) indicate that varying the temperature from 400-600 °C results in particulate films 
with a continuous coverage at 400-500 °C, with the coverage becoming discontinuous by 
600 °C. Energy Dispersive X-ray Spectroscopy (EDX) composition analysis confirmed that 
films sulfurized at 500 °C have the optimal stoichiometric Fe:S ratio. The cross-sectional 
SEM image of the film shows a final film thickness of 350±20 nm (Figure S2, Supporting 
Information) and the calculated expansion factor (~3.5) lies close to theoretical estimates for 
Fe to FeS2 conversion.[37] XRD, Raman Spectroscopy and XPS all confirmed the films to be 
phase-pure p-FeS2 (Figure S3-4, Supporting information). In addition, we also extended the 
sulfurization time at 500 °C to obtain higher film crystallinity, although XRD patterns and 
Raman spectra of pyrite films (Figure S5-6, Supporting information) did not show significant 
differences between 5 hours and longer annealing times. The indirect and direct optical band 
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gaps of the pyrite films were determined by UV-vis-IR diffuse reflectance spectrum (Figure 
S7, Supporting information) to be 0.96 and 2.38 eV respectively. 
The previous sulfurization temperature only produced pyrite (p-FeS2), as marcasite (m-FeS2) 
can readily invert to p-FeS2 at elevated temperatures under vacuum (or sulfur atmosphere),[36] 
but it is in principle possible to synthesize m-FeS2 phase at lower sulfurization temperature.[37, 
38] Thus, sulfurization was performed on Fe/Si thin films at 300, 380 and 455 °C. X-ray 
Diffraction (XRD) patterns were recorded for Fe films sulfurized at 300, 380 and 455 °C 
respectively (Figure S8, Supporting Information).  
 
Figure 1. Fitted Raman spectra of FeS2 films annealed at 455 °C (a), 380 °C (b) and 300 °C 
(c); Raman mapping of pyrite Eg (342 cm−1) peak area of FeS2 films annealed at 455 °C (d), 
380 °C (e), and 300 °C (f); Sulfurization temperature of FeS2 corresponding to different 
distances to the center of the furnace (g); Raman mapping of marcasite (~320 cm−1) peak area 
of FeS2 films annealed at 380 °C (h) and 300 °C (i, 300 °C). 
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The XRD signature of pyrite can be observed in all three samples, although the peak 
intensities decrease and become even inconspicuous with lower sulfurization temperature. 
Owing to the greater sensitivity of Raman spectroscopy to m-FeS2 (Figure S9, Supporting 
Information), we observe an increase of marcasite peak intensity as the sulfurization 
temperature decreases. SEM images (Figure S9, Supporting Information) of the films show a 
decrease in particle size as the temperature is increased, which is understandable given the 
higher temperatures favor Ostwald ripening. In order to get better insight into the local phase 
distribution of marcasite and pyrite in the p/m-FeS2 films, we performed Raman micro-
spectroscopic imaging. Figure 1 (a, d, g) shows the fitted Raman spectra of the FeS2 films, 
where we observe all three separate Raman peaks from pyrite: predominant bands at 342.2 
cm−1 (Eg, S2 libration) and 378.1 cm−1 (A1g, S-S in-phase stretch), and a minor peak at 429.6 
cm−1 (Tg(3), vibrational mode).[57-59] The band at 494.5 cm−1 has been assigned to coupled 
vibration and stretching (Tg) modes and combinations thereof.[39] The distinct marcasite band 
at 315-325 cm−1 (Ag) is only present in films sulfurized at 380 and 300 °C. The Raman 
intensity map in Figure 1 shows the phase distribution of pyrite and marcasite based on the 
fitted peak areas for the pyrite Ag band (b, e, h) in green and the marcasite peak (f, i) in red. 
According to Raman mapping, pyrite and marcasite are on a sub-μm scale uniformly 
distributed in the film, which implies that plenty of p/m-FeS2 phase boundaries have been 
created. Moreover, it can also be concluded that the lower the sulfurization temperature, the 
higher the marcasite content. 
The photoelectrochemical (PEC) properties of the as-obtained FeS2 films were measured and 
evaluated for PEC applications. As shown in Figure 2, phase pure pyrite film has noticeable 
photocurrent in the positive voltage range under AM 1.5G illumination in 0.5 M KI aqueous 
solution. However, p/m-FeS2 mixed phase films (p/m-FeS2-380 °C and p/m-FeS2-300 °C) 
show remarkably high photocurrents compared to phase-pure p-FeS2 (p-FeS2-455 °C).  
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Figure 2. Chopped light voltammetry curves of FeS2 films annealed at different temperatures 
(300 °C - blue; 380 °C - red; 455 °C - green) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 
(MSE) under 100 mW/cm2 AM 1.5G illumination.  
 
The prominent high performance of p/m-FeS2-380 °C can be explained by that an optimal 
phase mixture is needed while either higher (p/m-FeS2-300 °C) or no (p-FeS2-455 °C) 
marcasite content would degrade the performance of FeS2 films. Moreover, the dark current is 
greatly suppressed in p/m-FeS2-380 °C and p/m-FeS2-300 °C. Such performance are 
extraordinary achievements in polycrystalline pyrite films reported up to date that measured at 
similar conditions.[28] To the best of our knowledge, this study is the first report of high 
performance mixed phase p/m-FeS2 films and it reverses the common view that marcasite is 
detrimental for the photo-performance of pyrite films.  
To investigate the fundamental mechanisms causing the highly improved p/m-FeS2 films, we 
have carried out two separate computational analyses on both polymorphs: the electronic 
structures of the bulk crystals and the absolute vacuum alignment from a well converged slab-
gap model (~16 Å slab, 15 Å vacuum). First, we calculated the electronic band structure and 
density of states projected on the Fe d-states and S p-states for both orthorhombic marcasite 
and cubic pyrite using the generalized gradient approximation (GGA) with PBE functional,[44] 
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including a suitably determined Hubbard correction[45]  (PBE+U) to account for the electron 
correlation in the localized d-Fe orbitals. We used an effective U of 2 eV for both materials, 
which has been shown to give a good description of the structure and electronic properties of 
FeS2.22, 53-56  
 
 
Figure 3. Band structure along the high-symmetry directions of the Brillouin zone of 
marcasite (a) and pyrite (c); Density of States (DOS) of marcasite (b) and pyrite (d). 
 
The results are shown in Figure 3, and full calculation details are provided in the Supporting 
Information. An analysis of the band structures revealed that the conduction band minimum 
(CBM) and valence band maximum (VBM), which in both materials are composed mainly of 
the Fe 3d states, are located at two different high-symmetry points in the Brillouin zone, 
making marcasite and pyrite indirect band gap semiconductors. The calculated band gap of 
marcasite is found to be 1.17 eV, and in pyrite it is 0.96 eV. The band gaps calculated from 
the present study are similar to the results obtained from a number of earlier theoretical 
investigations for marcasite[22, 46] and pyrite.[22, 47, 48] In the case of pyrite, photoconductivity 
measurements show a consistent band gap in the range of 0.90-1.00 eV.[8, 49]  
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Pyrite (100) and marcasite (110) surfaces were chosen for the slab calculations as  these 
planes do not contain any dangling bonds and resulted in low energy, nonpolar terminations 
(Figure S16). Besides, due to their structural similarities, intergrowth (epitaxial growth) of 
marcasite in (on) pyrite has been widely observed in synthetic and natural samples.[17, 34, 60-62] 
Our calculated work function of p-FeS2(100) (Φ = 5.08 eV) also compares favorably with that 
of m-FeS2(101) (Φ = 5.10 eV), which indicates the possibility of a barrier-less or low-barrier 
interface at the pyrite-marcasite junction. The calculated work function of p-FeS2(100) is in 
excellent agreement with the value of 5.0 eV from ultraviolet photoelectron spectroscopy 
(UPS) measurements.8, 28 The slab thickness was checked for convergence with respect to the 
vacuum potential. The models consistently predict an offset of 0.43 eV between marcasite and 
pyrite, with the marcasite valence band higher in energy than pyrite. The ionization potential, 
which indicates the position where the valence band edge is observed, is calculated at 5.20 eV 
for marcasite and 5.63 eV for pyrite. In addition, our calculations demonstrate that the 
electron affinity of pyrite (4.71 eV) is higher than marcasite (4.00 eV), which indicates that 
photogenerated conduction electrons will flow from marcasite to pyrite and vice versa for 
photogenerated valence holes as shown in Figure 4.  
 
Figure 4. a) Structure of marcasite (left) and pyrite (right) in terms of FeS6 octahedra; b) 
Schematic of the band alignment between marcasite and pyrite. IP and EA denote ionization 
potential and electron affinity, respectively. The electron affinity is calculated by subtracting 
the band gaps from the calculated ionization potentials. ΔEVBM and ΔECBM are the valence 
band offsets and conduction band offsets. 
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In addition to the photo-response, the stability of the p/m-FeS2-300 °C film under light 
illumination was evaluated (Figure S14, Supporting Information), which shows similar photo-
response after 4 days exposure to air, whereas the transient photoresponse under intermittent 1 
sun illumination shows no activity degradation during the measurement over 30 min. 
Nevertheless, phase pure pyrite films show negligible photo-response after 3 days exposure to 
air (Figure S16, supporting information). Such prominent improvement in stability can be 
explained by the band alignment between p-FeS2 and m-FeS2 at the interfaces, where 
electrons migrate to p-FeS2 and contribute to its stability, keeping it in its reduced state. 
Furthermore, the enhanced stability can also be related to the lower unit cell energy of 
marcasite as has been shown in theoretical studies.[23] 
In summary, we report for the first time the beneficial role of marcasite in iron sulfide based 
photo-electrochemical applications. A novel strategy is adopted for fabricating mixed phase 
p/m-FeS2 films, where the marcasite content can be tuned by controlling the sulfurization 
temperature. The dramatic improvement of the photo-response of p/m-FeS2 can be ascribed to 
the presence of pyrite-marcasite phase junctions. The band alignment at the phase boundary 
contributes to the enhanced charge separation and transfer across the interface, and the 
migration of electrons to the pyrite phase accounts for the significant improvement in stability. 
The controlled introduction of p/m-FeS2 phase junctions reported here provides a promising 
approach for designing iron sulfide based PEC cells and will open new avenues for 
developing highly efficient pyrite-based solar cells.  
 
Experimental Section 
 
Mixed Marcasite-Pyrite films: Preparation of mixed marcasite-pyrite films was done in a 
home-build thermal CVD/PVD system. Particularly, a highly-doped Si wafer with 100 nm 
thick Fe was placed at specific distance downstream (22 , 24  or 26 cm) to the center of the 
furnace. After loading sulfur powder (500 mg, 99.98 %, Aldrich) at the upstream, the tube 
   Submitted to  
 11 
was sealed and flowed with Ar (50 ml/min STP) for 15 min. Then the furnace was heated up 
to 700 °C with a heating rate of 10 °C /min, and the sulfur powder at the upstream of the tube 
was heated to 170 °C. Under this configuration, it is possible to sulfurize the Fe layer at lower 
temperature with a stable sulfur partial pressure.[29, 30] K-type thermocouples were used to 
measure the temperature of the film at the specific distance to the center of the furnace. 
Specifically, distances of 22, 24, and 26 cm correspond to a sulfurization temperature of 455, 
380 and 300 °C, respectively. After 5 h sulfurization, FeS2 films with different marcasite 
content were obtained (the longer the distance, viz the lower the temperature). 
Characterization: X-ray diffraction patterns were recorded with a Bruker D2 Phaser 
diffractometer using Cu Kα radiation. SEM images were obtained with a FEI Quanta 200 
scanning electron microscope at a accelerating voltage of 5 kV. An accelerating voltage of 15 
kV and a detector (Quanta 3D FEG) was used for energy dispersive X-ray (EDX) analysis. 
XP spectra were obtained on ThermoScientific K-Alpha instrument equipped with a 
monochromatic X-ray source (Al Kα = 1486.6 eV). Energy calibration was performed by 
using the C 1s peak of adventitious carbon at 284.6 eV as a reference, and the spectra were 
fitted by CasaXPS software. Raman spectra were recorded on a Renishaw InVia Raman 
microscope with a 532 nm laser excitation and 100x objective in the region of 200-1000 cm−1. 
Raman mapping was done in StreamlineTM mode using a 100x objective with a scan size of 
10 x 10 µm2; the acquisition time per scan was 100 s. The Raman peaks of pyrite and 
marcasite were fitted with Renishaw WiRETM using broadened Gaussian/Lorentzian line 
shapes and corresponding Raman intensity maps were created based on fitted peak areas. 
PEC Measurements: PEC measurements were performed in a three-electrode electrochemical 
cell with Hg/Hg2SO4 as the reference electrode, Pt foil as the counter electrode and 0.5 M KI 
as the electrolyte. Chopped light voltammetry I-V curves were measured by an Autolab 302N 
potentiostat, and AM1.5G illumination was provided by a 300 W Xenon lamp (Newport 
67005) with an AM1.5G filter. For electrode fabrication, the FeS2 films on Si wafers were 
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attached on copper wire by conductive silver paste and sealed inside a glass tube with 
nonconductive epoxy (Hysol 3430 A&B, Loctite) at the end. The epoxy was cured at 60 °C in 
ambient environment for 1 h, then white lacquer was used to define the active area of 
electrodes (ca. 0.3 cm2). The active area was determined with ImageJ software by using 
digital images of the electrodes[31]. 
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1. Preparation of pyrite films 
Phase-pure iron pyrite films were prepared via sulfurization of iron thin films in a home-build 
thermal system. Specifically, 100 nm thick Fe layer was sputtered on highly doped Si wafer 
(single side polished, (100) oriented, 280±20 μm thick, resistivity: 0.001 - 0.005 Ω · cm). The 
Fe target for sputtering is 99.99 % in purity, the substrates are sputtered in 6·10−3 mbar Ar 
atmosphere for 1200 s (power: 60 W, background pressure: 2·10−6 mbar).  Then, the wafer 
was put in the center of the quartz tube. After loading sulfur powder (500 mg, 99.98 %, 
Aldrich) at the upstream, the tube was sealed and flowed with Ar (50 ml/min STP) for 15 
mins. Afterwards, the furnace was heated up to the target temperature (500 °C) with a heating 
rate of 10 °C /min. Then, the sulfur powder at the upstream of the tube was heated to 170 °C 
by a heating wire; phase pure pyrite films were obtained after 5 hours sulfurization. 
2. Computational details  
All calculations were performed using the Vienna Ab initio Simulation Package (VASP), [1–3] 
a periodic plane wave DFT code which includes the interactions between the core and valence 
electrons using the Projector Augmented Wave (PAW) method.[4, 5] The electronic exchange–
correlation potential was calculated using the GGA-PBE functional[6] with a Hubbard 
correction[7] (PBE+U), which accounts for the electron correlation in the localized d-Fe 
orbitals. We used an effective U of 2 eV for both materials, which has been shown to give an 
accurate description of the structural parameters and the electronic properties (valence band 
energy and band gap).8-12 An energy cutoff of 500 eV and 8 × 8 × 8 Monkhorst-Pack[13] k-
point meshes, were found to be sufficient to obtain well-converged results for marcasite and 
pyrite. All calculations were deemed to be converged when the forces on all atoms were less 
than 0.01 eV/Å. The resulting lattice parameters for marcasite (a = 4.415 Å, b =5.410 Å, and 
c = 3.382 Å) and pyrite (a’ = 5.409) agree well with those measured experimentally a = 4.436 
Å, b =5.414 Å, and c = 3.381 Å for marcasite[14] and a’ = 5.415 for pyrite.[15]  
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In the plane wave formalism, due to the presence of periodic boundary conditions, the 
electrostatic potential of a crystal is not defined with respect to an external vacuum level and, 
as such, the absolute electronic eigenvalues from different calculations are not comparable. In 
order to align the energies to the vacuum level, a slab-gap model (~16 Å slab, 15 Å vacuum) 
was constructed and the corresponding electrostatic potential was averaged along the c-
direction, using the MacroDensity package.[16-18] The energy of the potential at the plateau 
was used as the external vacuum level when aligning the core-level eigenvalues. To determine 
and understand the band alignment of marcasite and pyrite FeS2, we have calculated the 
ionization potentials of both polymorphs relative to the vacuum level, using a series of slab-
gap models with a well-converged basis set as implemented in VASP.[5, 19-20]  The pyrite (100) 
and marcasite (110) surfaces were chosen for the slab calculations as they do not contain 
dangling bonds and resulted in low energy, nonpolar terminations (Figure S16). The 2D slab 
calculations were carried out using Monkhorst-Pack grids of 8 × 8 × 1 K-points, which 
ensures electronic convergence. The corresponding electrostatic potentials averaged along the 
c-direction were obtained using the MacroDensity package (Figure S17, supporting 
information).[17, 21-22] The ionization potentials (IPs) of marcasite and pyrite were calculated 
when the slab vacuum level is aligned to the bulk eigenvalues, through core level eigenvalues 
in the center of the slab, using the Fe 1s orbital as reference point.[23-24]  We have tested 
different slab thickness to evaluate the contribution of the surface to the calculated ionization 
potential and found that it is very small, not modified to within 0.02 eV. The work function 
(Φ), which is the minimum energy needed to remove an electron from the bulk of a material 
through a surface to a point outside the material was calculated as: 
Fvacuum EV −=F                                                                 (1) 
In practice, this is the energy required at 0 K to remove an electron from the Fermi level of 
the material to the vacuum potential.[25] 
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3. Preparation scheme and characterization of FeS2 films 
 
Figure S1. Configuration and temperature program of the furnace for preparing p-FeS2 (a) 
and p/m-FeS2 (b). 
 
 
Figure S2. SEM images of FeS2 films sulfurized at 400 °C (a), 500 °C (b), 600 °C (c) for 5 
hours (named as 400-5h, 500-5h and 600-5h respectively) in configuration shown as Fig. S1a; 
d) EDX composition analysis of films prepared at different temperatures; e) cross-sectional 
SEM image of FeS2 film sulfurized at 500 °C; f) EDX element mapping of FeS2 film 
sulfurized at 600 °C;  
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Figure S3. a) XRD patterns of FeS2 films (i-iii), Fe coated Si wafer (iv) and bare Si substrate 
(v); b) Raman spectra of corresponding FeS2 films. 
 
Wide angle X-ray diffraction (WXRD) was used to confirm the bulk phase purity of the films 
and Raman spectra were recorded to detect minor impurities; neither XRD patterns nor 
Raman spectra showed the presence of marcasite or other iron sulfide species. 
 
Figure S4. X-ray photoelectron spectra (XPS) of sulfur annealed pyrite films at 400 (a), 500 
(b) and 600 (c) °C. 
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X-ray photon spectroscopy (XPS) was used to determine the surface elemental composition of 
sulfur-annealed pyrite films. Fitted S 2p spectra show the disulfide (S22−) peak with a S 2p3/2 
binding energy of 162.70 eV, the S2− peak at 161.88 eV is ascribed to surface sulfide 
monomers. Fe 2p spectra are dominated by pyrite Fe(II)-S with a Fe 2p3/2 of 707.30 eV and 
the higher binding energy tails are attributed to Fe(III)-S as a result of spontaneous oxidation 
of Fe(II) to form surface monosulfide.[22] 
 
 
Figure S5. Phase composition analysis by XRD (a) and Raman spectra of sulfur annealed 
pyrite films at 500 °C with different sulfurization time. 
 
Besides, we also extended the sulfurization time at 500 °C to get higher film crystallinity, 
however, XRD patterns and Raman spectra of pyrite films did not show significant 
differences between 5 h and longer annealing times. 
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Figure S6. XP spectra of sulfur annealed pyrite films at 500 °C for 5 h (a), 8 h (b) and 12 h 
(c). 
 
Figure S7. UV-Vis-NIR absorption spectra of pyrite film measured in diffuse reflectance 
mode and obtained at 500 °C for 5 h. The insert shows the Tauc plots for band gap 
determination (α hν)n vs. hν; n = 1/2, 2 for indirect and direct band gaps, respectively. 
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4. Characterization of p/m-FeS2 films 
 
Figure S8. XRD pattern of FeS2 films annealed at different temperatures. 
 
 
Figure S9. a) Raman spectroscopy of FeS2 films annealed at different temperatures; b) SEM 
images of corresponding films. 
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Figure S10. XP spectra analysis of FeS2 films obtained at 455 °C (a), 380 °C (b) and 300 °C 
(c). 
 
Figure S11. Fitted Raman spectra of p-FeS2-455 °C and the corresponding peak area mapping 
for pyrite peaks Eg at 342 cm−1 and Ag at 378 cm−1. 
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Figure S12. Fitted Raman spectra of p/m-FeS2-380 °C and the corresponding peak area 
mapping. 
 
  
Figure S13. Fitted Raman spectra of p/m-FeS2-300 °C and the corresponding peak area 
mapping. 
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5. Photo-response tests and stability evaluation of FeS2 films  
 
Figure S14. Chopped light voltammetry of bare Si (cyan line), pure pyrite film (magenta line) 
and p-FeS2-455 °C (black line) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 under 100 
mW/cm2 AM 1.5G illumination.  
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Figure S15. a) Chopped light voltammetry of p/m-FeS2-300 °C and the same film after being 
exposed to air for four days in 0.5 M KI aqueous solution versus Hg/Hg2SO4 under 100 
mW/cm2 AM 1.5G illumination; b) Chronoamperometry to assess the transient photoresponse 
of p/m-FeS2-300 °C under intermittent 1 sun (100 mW/cm2) illumination with +0.5 V applied 
voltage versus Hg/Hg2SO4. 
 
Figure S16. Chopped light voltammetry of bare pyrite (red line) and the same film after being 
exposed to air for three days (black line) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 
under 100 mW/cm2 AM 1.5G illumination.  
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6. Band alignment calculations 
 
Figure S17. Structure of the 8-layer 2D slab model of (a) pyrite (100) and (b) marcasite (101) 
surface in side (top) and top (bottom) views.  
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Figure S18. Structure of the 8-layer 2D slab model and the corresponding electrostatic 
(Hartree) potential at the PBE+U level of theory (blue line), which is used to align the 
electronic eigenvalues to the vacuum level of (a) p-FeS2 (100) and (b) m-FeS2 (101). Fe and S 
atoms are denoted by grey and yellow spheres, respectively. 
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